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Understanding the role of electrons in the magnetism
of a colossal permittivity dielectric material
Adam Berlie,∗a,b Ian Terry,b Stephen Cottrell,a Wanbiao Hu c and Yun Liu c
Creating new materials that show potential for technologi-
cal devices is one of the most important and active areas
of solid state chemistry and physics. For data storage,
multiferroics present some great advantages due to the
coupling of their electrical and magnetic properties. The
discovery of In and Nb co-doped rutile (Hu et al. Nature.
Mater. 12, 821) presented a material that was perfect for
capacitive devices; with high permittivity and low loss,
which was attributed to localised polarisable defects within
the crystal structure, though other work has suggested
internal blocking barriers at grain boundaries as being
responsible for the dielectric properties. Here we report
on the magnetic properties of this material and shown that
magnetic ordering occurs at room temperature and below,
with the Curie temperature depending upon doping levels.
Moreover, muon spin relaxation measurements suggest
that the magnetic order is confined to grain boundaries or
areas where the defects can cluster. This implies that a
strong magneto-electronic coupling could exist within In-
and Nb- co-doped rutile close to room temperature, though
the inhomogeneous nature of the magnetism suggests that
the coupling may be optimised in nanoparticles or thin films
where defect clustering could be promoted.
The interplay of magnetism and dielectric behaviour is cru-
cial for many materials that have technological potential, such
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as multiferroics, and understanding this is essential for the de-
sign of new compounds1–3. Within capacitors one wants a dielec-
tric material that has high permittivity and low loss, with various
promising materials being synthesised and measured4–7. One ad-
vancement was the colossal permittivity that resulted from the
co-doping of In(III) and Nb(V) ions within TiO2 rutile and was at-
tributed to defect induced localised electronic moments7. These
localised electrons can be easily polarised with an electric field
resulting in the high permittivity and electron spin resonance
measurements highlighted two distinct spin centres within the
sample. Furthermore the permittivity and loss both showed fea-
tures at 50 K, which was attributed to a spin freezing phenom-
ena7. Additional work by other groups has suggested that grain
boundaries are important with regards to the dielectric response8
and similar behaviour has been seen in an amorphous thin film9.
However, in all cases there has been no distinct/clear agreement
on the microscopic origin of the colossal permittivity. A detailed
study of the nature of the magnetic state associated with elec-
tronic dipoles has not been carried out. Such an investigation is
very important as it may be that the magnetic and electrical prop-
erties are strongly coupled. In fact, grain boundaries can also be
important in their own right as they have been shown to have as-
sociated magnetic structure10, illustrating the importance of un-
derstanding these types of materials. Our work provides insight
into the spin freezing effect associated with defects and shows the
onset of static magnetic ordering where the particle/grain surface
boundaries (and potentially the particle surface area) are likely to
be important.
Samples were synthesised using the method outlined by Hu et
al.7, with 3 levels of co-doping; 1, 5 and 10%. All samples were
characterised in a similar way to that described in reference 7.
Magnetic susceptibility measurements were conducted using a
Quantum Design MPMS-XL using the DC transport method and
VSM-SQUID. The background diamagnetic susceptibility of rutile
TiO2 was calculated to be χD = −2.89× 10−11 m3kg−1 by using
Pascal’s constants11. Muon spectroscopy experiments were done
at the ISIS Neutron and Muon Source on the EMU and MUSR
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Fig. 1 A: Inverse magnetic susceptibility of the 5% co-doped rutile sample; collected in an applied field of 1 T. Inset: The difference in the magnetisation
of the FC and ZFC curves. The increase in the difference magnetisation is indicative of the growth or onset of a remnant component, that freezes below
10 K. B: The normalised remnant component of the magnetisation after cooling in a 1 T applied field and measuring when warming in a 1 mT applied
field.
spectrometers. Both a closed cycle refrigerator (CCR) and He
flow cryostat were used to cool the sample; each set-up will have
its own intrinsic background. µSR is a fantastic local probe of
weak magnetism, where the muon will couple to magnetic mo-
ments (both electronic and nuclear) over a few nanometres and
since the muon life time is 2.2µs, it is sensitive to dynamics on
the MHz scale. Pulses of muons are implanted in the sample
and the directional decays of the muon are measured in forward
and backward detectors, the asymmetry between the two detec-
tor banks provides information on the muon spin depolarisation.
From looking at the asymmetry and the depolarisation rate, one
can gain information on both static and dynamic properties of the
magnetic moments with the sample.
Magnetic susceptibility measurements (Figure 1A) are shown
for the 5% co-doped sample. The temperature dependent inverse
susceptibility demonstrates that paramagnetic species have been
produced, though if one were creating local non-interacting Ti3+
defects, this would manifest itself as a Curie, tail where a plot of
1/χ vs. T should be linear. This is not the case and there is a
remnant component that exists from 2 K to above room tempera-
ture. It should also be noted that we believe the noise in the ZFC
curve at approximately 100 K in Figure 1A is sample related and
not intrinsic to the measurement. The inset to Figure 1A shows
the growth of this remnant component as temperature decreases
and there with an apparent plateau at low temperatures. To sup-
plement this additional experiments were conducted on all three
samples (Figure 1B) where they were cooled in an applied field
of 1 T and at base temperature (2 K) the field was reduced to
1 mT, this was to prevent a small negative residual field being
trapped in the superconducting solenoid. The moment was then
measured on warming and was normalised with respect to the
highest remnant moment observed for each sample so that their
magnetic responses could be compared. In all cases the measure-
ment highlights the behaviour of the remnant component where
there is a strong temperature dependence across all three sam-
ples. It is clear that a non-zero remnant magnetic moment exists
at room temperature and the curvature of each samples’ magneti-
sation temperature dependence suggest Curie or blocking tem-
peratures above 400 K. For the 10% sample, the low temperature
data are anomalous since there is a clear maximum in the moment
at ∼20 K and within the 5% sample we also see an anomaly at
around 100 K. These data are indicative of there being clusters of
moments that are able to interact giving rise to magnetic hystere-
sis. However, it is unlikely that this is a homogeneous magnetic
response and there are likely a range of cluster sizes with different
intra- and inter-cluster interaction energies.
The magnetic data illustrate that there is something of interest
within the spin freezing region and a strong remnant component
in the magnetisation. Further insight into the nature of the inho-
mogeneous magnetism of the doped rutile samples was obtained
by using the muon spin relaxation (µSR) technique.
A ZF µSR experiment was performed on all samples where, at
high temperatures, a very broad Kubo-Toyabe relaxation was ob-
served, which is attributed to dephasing of the muon polarisation
by quasi-static randomly orientated nuclear moments12. At low
temperatures the relaxation becomes more exponential in char-
acter, which is an indication that the muons are sensitive to the
slowing down of electronic magnetic fluctuations entering the ex-
perimental timescale. Therefore all the spectra were fit with a
















where σ is the field distribution due to nuclear moments, AB
is the baseline accounting for all non-relaxing muons and λ is
the muon relaxation rate; assuming we are in the fast fluctuating
limit λ ∝ 1/ν , ν is the fluctuation rate. The physical representa-
tion of such a fitting function is that the muon is sensitive to static
nuclear fields and dynamic electronic moments. In all 3 samples,
the values of σ could be estimated at high temperature from fit-
ting the data in a regime where the electronic fluctuations are
motionally narrowed; σ was then fixed throughout the analysis.
The baseline is expected to only come from muons stopping in
the sample holder, which should be 3.8% within our experiment
experimental setup13, but we find the actual values are anoma-
lously high (between 10% and 20%).
It is likely that the anomalously high values for AB are a con-
sequence of inhomogeneity within the samples. At low temper-
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Fig. 2 Parameters from fits to the muon spectroscopy data. A: The
relative change in the relaxing asymmetry vs. temperature. The low tem-
perature data for the 5% and 1% samples had to be scaled by 0.92 and
1.05 respectively. Data have been offset for clarity. B: The muon relax-
ation rate vs. temperature showing a gradual increase in the relaxation
rate as the temperature decreases strongly linked with doping level. The
low temperature data for the 5% sample had to be scaled by 1.2. C: A
longitudinal field sweep showing the repolarisation of the muon ensemble
at 2 K for the 10% co-doped sample. The flattening out at higher fields is
an indication of static magnetic behaviour.
atures (approximately 12 K) the baseline is sample dependent
where the 1% has the highest baseline. This also suggests that a
large number of muons are being stopped within regions where
there is no electronic or nuclear magnetism that can cause the
muon polarisation to dephase; hence the implantation site for
such muons is quite removed from any defects associated with
the dopants. For example, the 1% sample has 2% of the Ti sites
occupied by dopants. On average, there should be about one
dopant atom per 25 unit cells whilst in the case of the 10% sam-
ple, there would be one dopant atom per 2.5 unit cells. Given
dimensions of rutile’s unit cell16, this implies mean defect sepa-
rations of 70 to 100 Å for a 1% sample while this would be 7 to
10 Å in the case of a 10% sample. A muon is influenced by local
magnetic moments of∼20 Å away from its implantation site. It is
therefore likely that, at least in the case of the 10% and 5% sam-
ples, the dopants are not homogeneously distributed throughout
the sample and are probably located within grain boundaries or
close to the surfaces of individual grains, which have less stopping
power for muons than bulk material. DFT studies have suggested
that segregation of dopants to grain boundaries is likely to occur
in rutile TiO2 17. This type of behaviour has been seen within
ZnO particles where there was a large non-relaxing baseline from
the bulk of the material with a small relaxing component from
the electronic magnetism present within the grain boundaries14.
The relaxing fraction of muons is related to the muons stopping
near defects with electronic or nuclear moments that cause a re-
laxation of the muon spin polarisation. A simple ratio of the re-
laxing fraction to the baseline (Table 1) demonstrates that low
doping results in a relatively large baseline contribution. In previ-
ous work on rutile, the baseline has been shown to be negligible
where a full asymmetry was observed to be depolarised by the
intrinsic behaviour of the ruilte sample20. The values of σ are
similar and this would highlight that the field distribution from
these nuclear moments is similar between samples, thus confirm-
ing that the high temperature Kubo-Toyabe behaviour is related
to the In and Nb nuclear moments.
Table 1 Parameters from fitting the data taken at approximately 12 K. The
ratio of the relaxing asymmetry (AR) to the baseline (AB) is a measure of
the amount of muons being relaxed in the sample against the amount of
muons that are not being relaxed due to any magnetic moments.
Fitting Parameter 10% Sample 5% Sample 1% Sample
AR/AB 0.92(3) 0.52(1) 0.35(1)
σ (MHz) 0.082(4) 0.112(8) 0.097(1)
λ (MHz) 0.088(4) 0.138(8) 0.150(10)
Muon spectra were collected over a wide temperature range
and the fitting parameters obtained from their analyses are shown
in Figure 2. Scaling was used to account for the data overlap
between high and low temperatures that was taken in separate
sample environments. The relative change in the relaxing asym-
metry is plotted in Figure 2A. The change in the asymmetry is
very small, given that a full asymmetry is ∼23%. This small re-
laxing component is likely to be due to the fact that only a small
amount of each sample contains magnetic moments that are able
to relax the muon polarisation, i.e. muon spin relaxation occurs
only in dilute, specific areas of the sample. The muon relaxation
rate,λ , was normalised at low temperatures (see Figure 2B) and
the trend is similar for all samples, where there appears to be a
gradual increase in λ as the temperature is decreased. It is clear
that the point at which λ begins to increase rapidly occurs at dif-
ferent temperatures for each doping concentration. These rises in
λ are a consequence of the increasing importance of muon spin
depolarisation due to the electronic magnetic moments within the
samples. Moreover, there is a strong similarity between the tem-
perature dependent changes in λ and the variation of the remnant
magnetisation shown in Figure 1B. The decrease in the asymme-
try and the rise of λ correspond to the same temperature regions
and show a similar trend; this mutual behaviour is an indication
of the existence of static magnetic ordering. The decrease in the
asymmetry may be interpreted as being a result of the internal
fields from the ordering of electronic moments becoming high
enough to dephase muons outside of the experimental time win-
dow, and so there is a missing fraction, (a decrease in the number
of detected muons) at the lowest temperatures. The flattening
out of λ at low temperatures is indicative of a competing process
causing the muon spin to dephase, these could be from persistent
electronic fluctuations that would be present when the param-
agnetism dominates or if the sample has entered a quasi-static
state where you are left with a broad static field distribution. At
high temperatures where λ → 0 the muon is considered to be in
the motionally narrowed state; i.e. the fluctuations are too fast
for the experimental time-scale. For the 10% sample, both the
asymmetry and relaxation rate are still changing even at room
temperature supporting the idea that a ferromagnetic state exists
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in the material with a Curie or blocking temperature greater than
300 K. Further evidence for the static nature of the magnetism is
from the longitudinal field sweep (Figure 2C) where one is able to
decouple the muons from their surroundings by applying a field
along the direction of the initial muon polarisation. Since there is
a full recovery of the muon polarisation at high fields this indica-
tive of a static magnetically ordered system, where the mid-point
along the curve can be taken as an estimate of the internal field
that the muon is coupled to; ∼100 mT. This value is too high to
be a shallow donor state or decoupling from nuclear magnetism,
thus it is a decoupling from a static magnetically frozen/ordered
state18.
The behaviour of muons within pure rutile has been studied
previously19–23. Below 10 K the muon forms a shallow donor
state near a Ti3+ defect where the ionisation energy of this state
has been reported to be 0.9 meV21. Above 10 K, the muon be-
comes dynamic where the diffusion rate is beyond the timescale
of the measurement and so no relaxation is observed, as a result
the baseline increases. This also indicates that our high baseline
is a consequence of muons stopping in the pure rutile structure.
No paramagnetic muonium is observed unless one induces oxy-
gen vacancies within the sample19. In our case the relaxation we
are interested in is above 10 K and so the influence of the shal-
low donor state is negligible. Our data do not mimic that of pure
rutile and so the results we have presented must be due to the
doping.
All samples show broad and continuous magnetic transitions
that are due to the onset of short range order at the grain bound-
aries and may be percolative in nature as seen in other doped
systems24,25. It has also been shown that a small amount (1% -
5%) of magnetic cations can create local magnetic polarons from
oxygen vacancies leading to room weak temperature ferromag-
netism28. As the doping increases, the wavefunction of the neigh-
bouring polarons overlap and a coherent magnetic state can be
observed; even as little as 2% doping of Fe or 7% doping of Co
in a TiO2 matrix has resulted in observable ferromagnetism29,30,
thus the percolation limit is fairly small. Within dilute magnetic
semiconductors, the shape of the magnetisation, or critical be-
haviour, has been shown to be important26,27, as the difference
in convex or concave nature of the transition is related to the po-
laron interactions and carrier densities.
The low temperature behaviour shown in Figure 2B is curious
as a flattening out of λ can imply persistent dynamics from the
electronic moments such as that observed in spin liquids in an
applied longitudinal field31,32 or from low dimensional systems,
where in Rb4Cu(MoO4)3 no long range order is seen down to
50 mK33. However, since there is also a paramagnetic component
in magnetic susceptibility, this would also manifest itself as a low
temperature feature in the µSR data, such as an increase in the
relaxation rate, however, the shallow donor state in pure rutile
may also contribute21.
Overall we see evidence for strong dynamics associated with
the electronic moments, with possible persistent dynamics at low
temperatures, but the field distribution that the muon is sensi-
tive to must be fairly broad. We have also shown that there
are two muon stopping sites within the sample, one within the
bulk, where no relaxation of muon spins is observed, and the
other probably closer to grain boundaries, where relaxation is ob-
served. The similar behaviour between the muon data and rem-
nant magnetisation data is especially poignant as it shows that
both techniques are measuring the same phenomena, where there
is a strong correlation between doping level and strength of inter-
action. This work may help to explain the two different spin cen-
tres observed within the ESR measurements of Hu et al.7, where
the less intense ESR peak could be due to the magnetic defects at
grain boundaries studied within this work. However, what is clear
is that the spin freezing observed in the original work of Hu et al.7
is of great interest as it appears to be ferromagnetic order which
exits close to room temperature. Thus co-doped rutile TiO2:Nb,In
exhibits both a colossal permittivity and ferromagnetism which
may interact to produce magneto-electric coupling close to room
temperature.We have also shown the usefulness and validity of
the µSR technique to study these types of dilute grain-boundary
systems, which is something that could be exploited within other
compounds.
With more research it is hoped that one will be able to utilise
the interplay between the magnetism and dielectric behaviour to
create defect pinned multiferroics. Since the TC is strongly depen-
dent on doping levels, creating more surface or grain boundaries
with high doping levels may be able to allow the ordered mag-
netic state to exist above room temperature, offering a realistic
potential for future applications, which would then have promis-
ing applications. Therefore the synthesis of doped nanoparticles
seems like a sensible next step in the continuing search for novel
technological materials.
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